INTRODUCTION
In recent years, wood pellets have emerged as reliable feedstock for heat and power generation especially in the European Union (EU). According to a recent report (Flach et al. 2013) , the EU countries consumed 14.3 million metric tonnes (MMT) of pellets in 2012, and the consumption of wood pellets is expected to increase by more than 3 times to 50-80 MMT by 2020. At present, Canada is among the major wood pellet exporters; roughly 1.3 MMT of wood pellets were exported to EU in 2012 (Natural Resources Canada 2013) .
After manufacturing, wood pellets are commonly held in flat bottom bin silos before transportation. Each bin contains about 4500 MT of wood pellets. The bin silos are equipped with centrifugal fans for ventilation purposes. The fans are automatically shut down when the ambient relative humidity exceeds 90% (Larsson et al. 2012) . Air conveyors are usually used to load wood pellets into ocean vessel holds, and the holds are immediately sealed after loading. Wood pellets are stored in hatched holds (cargo spaces) with a volume of 5500 m3, each holding some 4000 tonnes of wood pellets (Melin et al. 2008) . Modern open-hatch box-shaped bulk carriers may have anywhere from a single cargo hold up to 12 cargo holds. During the ocean voyage, the atmospheric temperature in the hold is about 5 °C lower than the ocean water temperature (Melin et al. 2008) . Finally, before discharge operation, the stairways are ventilated to remove any carbon monoxide generated by the reaction between wood pellets and atmospheric oxygen during the ocean voyage.
Unlike commodity trades whereby price is set on unitweight basis, the fuel pellet market price is primarily based on the calorific value of wood pellets. Calorific value can be expressed in terms of gross calorific value (GCV) or net calorific value (NCV). However, NCV on "as-received" basis is most commonly used (European Pellet Council 2013; Pellet Fuel Institute 2011; Wood pellet Association of Canada 2012.
The heating value of any fuel is defined as the energy released per unit mass or per unit volume of the fuel when the fuel is completely burned (ANSI/ASABE S593.1 2011). The term calorific value is synonymous to the heating value. Typical units for expressing calorific or heating value are MJ/kg in SI units or BTU/lb in English units. The heating value of a fuel depends on the assumption made on the condition of water molecules in the final combustion products. The higher heating value (HHV) refers to a condition in which water is condensed out of the combustion products. Because of this condensation all of the heating value of the fuel including sensible heat and latent heat are accounted for. The lower heating value (LHV) refers to the condition in which water in the final combustion products remains as vapour (or steam) rather than condensed into liquid water and thus the latent heat is not accounted for. The term NCV may be used interchangeably with LHV (ANSI/ASABE S593.1 2011), whereas the term GCV may be used interchangeably with HHV.
Literature review indicated that aging of woody biomass such as wood chips and logs has negative impact on the calorific value of these biomass materials. Afzal et al. (2010) compared the storage effect on comminuted and un-comminuted forest residues. After one year of storage, the GCV (dry basis, d.b.) for wood chips (comminuted residues) decreased by 1.6%. They attributed this decrease in GCV to increase in moisture content of the biomass upon prolonged exposure to humid air. The ash content of the chips increased due to contamination by soil and dust. In contrast, the GCV (d.b.) increased for wood stems (uncomminuted residues) because of a decrease in moisture content. Afzal et al. (2010) found the samples from the inner core of the stored woodchip piles showed an increase in GCV regardless of the storage method, and they attributed this to an increase in carbon content of the materials during storage. Similarly, Casal et al. (2010) associated the decrease in NCV (d.b.) during storage of pine wood chips to the decrease in carbon content. The negative effect of moisture and ash contents on gross calorific value has been reported extensively (Thörnqvist 1985; Quaak et al. 1999; Telmo and Lousada 2011; Spellman 2012) Other authors observed a different trend of changes in calorific values during storage of densified biomass (such as pellets) and loose biomass (such as wood chips). For instance, Chico-Santamarta et al. (2012 and reported that pelletized canola straws have marginal increase in GCV from 17.2 to 17.9 MJ kg-1 (d.b.) after 12-month storage, while there was a slight drop in carbon content. Lehtikangas (2000) observed that pelletized sawdust had a small drop of NCV (0.3-0.4% d.b.) after 5-month storage, and suggested natural variations of the raw materials as the reason.
Wood pellets are transported by rail from interior BC to Vancouver, BC and stored in silos before unloading to ocean vessels. The environment can be either hermetic or open during transit or storage. For relatively short twomonth storage time period, Yazdanpanah (2013) has shown that pellets could gain 1-2% in GCV and this might be attributed to a reduction in oxygen content in the pellets. Pellets have been reported to lose some calorific value after storage, ocean or land transportation over an extended time period (Melin 2008) . However, the effect of ageing of wood pellets on the calorific value during extended storage is rarely investigated in laboratory settings (Lehtikangas 2001; Ståhl et al. 2004; Tumuluru et al. 2010) .
The potential economic gain or loss derived from an increase or decrease in the calorific value of pellets even by only 1% is large due to the volume of wood pellet production. The production capacity in British Columbia was 2 million metric tonnes (MT) in 2013, which represents two-thirds of the total production capacity in Canada (Natural Resources Canada 2013). Given a net calorific value of 18 GJ/MT and fuel price of $10/GJ, the annual revenue of the British Columbia wood pellet industry is $360 million. An increase or decrease in calorific value by 1% may be translated to 3.6 million dollars in extra revenue or loss.
A research study was initiated in collaboration with Pinnacle Renewable Energy Group (PREG, Williams Lake, BC). The objectives of the project were to observe NCV of wood pellets stored under constant temperature conditions, and to relate changes in NCV to storage environment and the key physical properties of the pellets.
MATERIALS AND METHODS
The white wood pellets (Type 1) and mixed wood pellets (Type 2) used in the experiment were manufactured at the PREG pellet plants in Williams Lake and Burns Lake, BC. The pellets were four days old after production when sampled and shipped to the University of British Columbia (UBC) campus in Vancouver, BC.
The raw materials of white wood pellets were 90% beetle-killed pine wood shavings and a small amount of BC softwood residues having minimal bark content. The mixed wood pellets were made from 90% pine wood shavings and some other softwood residues, with significant bark content.
The experiment involved 12 treatments with different combinations of pellet types (Type 1 and Type 2), storage temperature and storage configuration, as indicated in Table 1 . At the beginning of the experiment, a portion of wood pellets was poured into mason jars, which serve as the "closed" storage configuration (no exposure to air), while another portion was spread onto an aluminum tray, which serves as the "open" storage configuration. The mason jars and trays, filled with 1 kg and 2 kg wood pellets respectively, were subject to 3 temperature conditions. One set was placed on a table in the laboratory (25±2°C throughout the test period). The other two sets were placed in two ovens with temperature set at 35 and 45oC, respectively. 35 and 45 o C are selected because ocean vessels travel through tropical regions i.e. Panama Canal, where ambient temperature inside the cargo hold may increase to over 40 o C due to solar radiation, in the journey from BC coast to European countries. The wood pellets were sampled weekly in the first month, bi-weekly for the next two months, and monthly for the remaining three months for fuel composition (moisture content, ash content, and carbon content) and GCV measurements.
RESULTS AND DISCUSSION
Results are presented for the measured moisture content, ash content, carbon content and NCV of the pellets during the storage period in this section. Figure 1 For "open" storage conditions, the moisture content of wood pellets has a strong correlation with the storage temperature (p < 0.05). The moisture content of wood pellets reached their equilibrium (EMC) after 20 days and remained relatively unchanged for the rest of the storage period. The EMC is dependent on air relative humidity, which in turn varies with storage temperature. At the end of storage, the EMC of white pellets were 5.9±0.2, 3.6±0.1 and 1.9±0.2% at 25, 35 and 45°C respectively, whereas EMC of mixed pellets were at 6.3±0.4, 4.0±0.1 and 2.1±0.2% corresponding to 25, 35 and 45°C.
Moisture content
For the "closed" storage conditions, the final moisture contents of white pellets after 180-day storage were not significantly different from their initial moisture contents (p = 0.42). The moisture content of the white pellets was 2.6±0.1% regardless of temperature at the end of storage. As for mixed pellets, the moisture contents differed significantly (p < 0.05) for the three storage temperatures. The difference in ash content between the white and mixed pellets was suspected to cause this difference in moisture content. At 25°C, moisture content stabilized at 5.9±0.1%, whereas at 35 and 45°C the moisture content was 4.6±0.3 and 4.5±0.3% respectively. These final moisture contents were almost unchanged from the initial MC of 4.9±0.8%. Figure 2 displays the trends of ash content (% d.b.) over 180-day storage. The initial ash content was 0.5±0.1% for white pellet and 1.2±0.2% for mixed pellet. The measured ash contents fluctuated randomly around the initial ash content regardless of the storage condition. Ash content did not correlate with the storage temperatures using t-tests (p = 0.44). The spread of the ash content for the mixed Open [a] Open [a] Closed [b] Closed [b] Closed [b] Mixed pellets (Type 2) Open [a] Open [a] Open [a] Closed [b] Closed [b] Closed [b] [a] Open: Pellets were placed in a tray exposed to atmosphere [b] Closed: Pellets were stored in a sealed glass jar 8.
Ash content
LE GÉNIE DES BIOSYSTÈMES AU CANADA Lee et al. 8 pellets appears to be greater than that for the white pellets, which might be due to the fact that mixed pellets were made from a wider variety of raw materials, including bark and forest residues. The higher ash content of mixed pellets may be caused by higher ash content in the bark fraction (Filbakk et al. 2011) . Carbon content Samples were sent for CHN composition analysis at four storage period: day 0, day 10, day 40. Although hydrogen and nitrogen contents are also measured, their effect on NCV cannot be confirmed due their small measured values. On average, the hydrogen content is 6.12% (d.b.) for white pellets and 6.08% (d.b.) for mixed pellets. The nitrogen content of the wood pellets are below the detection level of 0.05%. Carbon constitutes approximately 50% (d.b.) of a wood pellet's mass. The positive effect of carbon on NCV is more of a certainty. For example, Casal et al. (2010) observed a drop in calorific value on "as received" basis over 12-month open storage of wood chips and associated the drop to a decrease in carbon content. Hence, only the carbon content is discussed.
During the storage period, wood pellets did not appear to experience significant changes in carbon content. For white pellets in open storage after 10 days, the carbon content appears to increase by 1.5% for pellets stored at 35°C, while carbon content remained almost the same for pellets stored at 25 and 45°C. The carbon contents of all the white pellets in open storage returned to their initial average value of 50.4% after 35 days in storage. As for white pellets kept in "closed" storage, the carbon content stayed within ±0.5% from their initial values (49.9-50.9%).
The carbon content of mixed pellets has a general trend of staying the same in subsequent measurements after day 0. In open storage, the carbon contents of mixed pellets at 35 and 45°C remained the same after the first 10 days and then increased slightly from 50.4 to 51.5% on day 40. The carbon content of pellets stored at 25°C did not change significantly during storage. In "closed" Table 2 . Two-way analysis of variance on two storage
configurations ("open" or "closed" and three storage temperatures (25°C, 35°C, 45°C).
Source of Variation P-value
Among storage configuration < 0.0001* Among storage temperature < 0.0001* Among storage temperatures within a storage configuration < 0.0001* *P-value is significant at 0.01 level. storage, the carbon content of all pellets remained the same on day 10. On day 40, pellets at 25°C had a 0.5% decrease in carbon content from 50.4 to 49.9%; pellets at 35°C had an increase of 1.0% from 50.4% to 51.4%; pellets at 45°C had a slight increase from 50.4% to 50.8% on day 40. From these results over 40 days, the carbon content of both white and mixed pellets was not expected to have further significant change after 40 days, hence no further experiments was performed. Because there is no apparent relationship between NCV and carbon content observed, correlation coefficients are calculated to investigate the overall degree of correlation between carbon content and NCV. All the carbon content and NCV are grouped together regardless of their storage configurations and storage temperatures. The correlation coefficient of 0.086 is obtained. This low correlation coefficient indicates the lack of overall relationship between carbon content and NCV. Net calorific value NCV were calculated from the gross calorific values of the three samples of wood pellets and the averages were taken for each sampling time. Figure 3 illustrates the trends of NCV under four experimental conditions: (a) white "open", (b) white "closed", (c) mixed "open", and (d) mixed "closed" over 180-day storage. The initial NCV of white pellets and mixed pellets was 18.2±0.1 and 17.9±0.2 MJ kg -1 , respectively. The NCV had generally increased over the storage period regardless of the storage conditions, except for "open" storage at 25°C. The NCV of white pellets and mixed pellets were statistically different (p < 0.01).
For white pellets, the "open" storage condition had a decrease of 3.0% at 25°C, 0.5% increase at 35°C, and a 3.0% increase at 45°C. T-tests performed on the effect of calorific value. The data for Figures 1, 2 , and 4 were analyzed with MLR analysis (α = 0.01). The NCV of the wood pellets were correlated with the duration of storage, storage temperatures (25, 35 and 45°C), storage configurations ("open" or "closed"), moisture content, ash content and pellet type (white or mixed) where NCV showed a reasonably good correlation (R 2 = 0.73) with all six variables.
The sign of the coefficients of the MLR showed that a factor is either positively or negatively correlated to the NCV. Moisture and ash content were negatively correlated with NCV. This decrease of NCV with moisture content and ash contents is understood (Demirbas 2002; Telmo and Lousada 2011; Thörnqvist 1985) and showed earlier in this paper. But decrease with exposure to air and increase with duration of storage are not well explained.
To understand the relative contribution of each input variable to the change of NCV, an analysis of variance was performed in the MLR. The resulting MLR equation is as follows: NCV = 18.59 + 0.0012X 1 + 0.0104X 2 -0.1025X 3 -0.1366X 4 -0.1117X 5 + 0.1119X 6 (3) where X 1 , X 2 , X 3 , X 4 , X 5 , X 6 denote the parameters storage duration, storage temperature, storage configuration, moisture content, ash content and pellet type, respectively. The Pearson correlation R 2 is 0.76 in this analysis. The p-values associated with the coefficients are less than 0.0001 (except that for X 5 which has a value of 0.0245), implying significant influence of these parameters on NCV at 0.01 level. Table 3 shows further results of ANOVA. The magnitudes of F-value of each variable imply the relative contribution of each variable to the response variable (Berger and Maurer 2002) . Moisture content was found to contribute 82.4% to the variation of NCV. Duration of storage only explained 6.08% of the variation, followed by storage temperature (5.49%), storage configuration (4.03%), pellet type (1.58%), residual --"unexplained" variation (0.26%) and ash content (0.14%). This was expected as moisture content is related to storage temperature and storage configuration. Pellet type is related to the ash content, that is, white pellets have lower ash content than mixed pellets. However, due to high consistency in the ash content, there was no correlation detected by the MLR model.
From MLR analysis (Eqn (3) and Table 3 ), the increase in NCV was in part due to the decrease in moisture content (X 4 ) over the duration of storage. The decrease in moisture contents in "open" storage as shown in Fig. 1 (a) and (c) caused an increase in the NCV (Fig. 4  (a) and (c) ) or vice versa. However, "closed" storage exhibited a different relationship between moisture content and NCV. The white pellets had little change in moisture content but still showed an increase in calorific value whereas the mixed pellets showed an increase in NCV together with an increase in moisture content. This phenomenon might be explained by the formation of compounds with higher energetic potential, such as short chain fatty acids, aldehydes and ketones through autooxidation of extractives or microbial fermentation of sugars (Brand et al. 2011) .
The microbial activities on woody materials degrade lignin and cellulose at sufficiently high moisture content. This biological degradation is undesirable as it reduces the durability of the wood pellets (Wilson 2010) . The minimum required moisture content for mold or fungi to grow has been reported as 20% (Byrne and Uzunovic 2005) . Since the moisture content of the wood pellet is always below 20%, fermentation through microbial enzymatic reaction is unlikely to happen.
With microbial activities ruled out, the auto-oxidation of extractives and lignin compounds through free radicals may be the reaction that generated the higher energetic potential compounds (Koppejan 2011). It might be further extended that the longer duration of storage allows more compounds of higher energetic potential to form through auto-oxidation reaction, resulting in the increase of NCV. Further research can be conducted to confirm the formation of higher energetic potential compounds during storage. CONCLUSIONS The following conclusions may be drawn from this laboratory scale study:
• Duration of storage has a significant effect on the net calorific value of wood pellet. Increased calorific value due to microbial action was unlikely due to low moisture but it is postulated that storage in closed environment encouraged the formation of higher energetic compounds by auto-oxidation, resulting in increased net calorific value.
• In open storage, moisture content was confirmed as a major contributing factor to the change in net calorific value. Higher storage temperature lowers the moisture content of the wood pellets and hence leads to increase in net calorific value.
• The results confirmed that the practice to seal the cargo after loading the wood pellets is better than leaving the cargo ventilated or open to maintain and even enhance the calorific value of the wood pellets. Based on the observations in this project, the authors recommend measurements of chemical compounds in future work to confirm the formation of higher energetic compounds over the storage period.
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